Eukaryotic cells employ different types of extracellular vesicles (EVs) to exchange proteins, mRNAs, non-coding regulatory RNAs, carbohydrates, and lipids. Cells of the immune system, in particular antigen (Ag)-presenting cells (APCs), acquire major histocompatibility complex (MHC) class I and II molecules loaded with antigenic peptides from leukocytes and tissue parenchymal and stromal cells, through a mechanism known as MHC cross-dressing. Increasing evidence indicates that cross-dressing of APCs with pre-formed Ag-peptide/MHC complexes (pMHCs) is mediated via passage of clusters of EVs with characteristics of exosomes. A percentage of the transferred EVs remain attached to the acceptor APCs, with the appropriate orientation, at sufficient concentration within localized areas of the plasma membrane, and for sufficient time, so the preformed pMHCs carried by the EVs are presented without further processing, to cognate T cells. Although its biological relevance is not fully understood, numerous studies have demonstrated that MHC cross-dressing of APCs represents a pathway of Ag presentation of acquired pre-formed pMHCs to T cellsalternative to direct and cross-presentation-participate in immune homeostasis and T cell tolerance, cross-regulate alloreactive T cells with different MHC restricted specificities, and is a mechanism of Ag spreading for autologous, allogeneic, microbial, tumor, or vaccine-delivered Ags. Here, we compare MHC cross-dressing with other mechanisms and terminologies used for pMHC transfer, including trogocytosis. We discuss the experimental evidence, mostly from in vitro and ex vivo studies, of the role of MHC cross-dressing of APCs via EVs in positive or negative regulation of T cell immunity in the steady state, transplantation, microbial diseases, and cancer.
Introduction
Extracellular vesicles (EVs) constitute a mechanism of transfer of proteins, RNAs, lipids, and carbohydrates between eukaryotic cells. The increasing family of EVs include vesicles of different biogenesis, size, composition, and possibly distinct functions [1, 2] . Exosomes are nanovesicles (50-120 nm) originated as intraluminal vesicles within the endocytic compartment of the cell via inward invagination followed by cleavage of the limiting membrane of late endosomes, which are then termed as Bmultivesicular bodies^(MVBs) [2, 3] . The resulting MVBs either merge with lysosomes following a degradative pathway or fuse their limiting membrane with the plasma membrane of the parent cell and release its content of intraluminal vesicles (now termed as Bexosomes^) to the extracellular space or bodily fluids [2, 3] . Other types of EVs include microvesicles (also known as microparticles) of approximately 200-1000 nm in size that are shed directly from the plasma membrane and apoptotic cell-derived EVs. Increasing evidence mostly from in vitro and ex vivo models has demonstrated that EVs regulate physiological functions, including innate and adaptive immunity [2, 3] . One of the intriguing phenomena mediated by EV transfer between nonimmune or immune cells and antigen (Ag)-presenting cells (APCs) is the passage of intact major histocompatibility complex (MHC) molecules pre-loaded with Ag-derived peptides, a phenomenon known as MHC cross-dressing. The biological relevance of MHC cross-dressing is beginning to be elucidated [4] .
Transfer of MHC molecules: different names for related phenomena?
Cells, in particular leukocytes, exchange cell surface MHC molecules and other glycoproteins, and intracellular components through mechanisms that have been termed trogocytosis, cell nibbling, or cross-dressing, depending on the cell types involved in the exchange and the experimental model [5] [6] [7] .
Trogocytosis (from Btrogo^meaning Bgnaw^in ancient Greek) was originally described as the acquisition by lymphocytes of cognate Ags, which are the peptide/MHC complex (pMHC) for T cells and native Ag for B cells, from APCs or target cells. This phenomenon depends on cell-to-cell contact, is triggered by Ag receptor-signaling, requires immune synapse formation, takes place within minutes after cell conjugate formation, and is carried out by CD4 T, CD8 T, γδ T, NK, and B lymphocytes [8] [9] [10] . By this mechanism, CD4 and CD8 T cells acquire, respectively, MHC class I (MHC-I) and class II (MHC-II) molecules from APCs or target cells in an Agspecific fashion [8, 9, 11, 12] . Passage of pMHCs to T cells has been shown to be mediated via transfer of EVs with characteristics of exosomes [13] [14] [15] [16] . During Ag-presentation, engagement of pMHC-II on APCs by the T cell receptor (TcR) on Ag-specific CD4 T cells promotes release of exosomes by the APCs [17] . Only activated T cells capture efficiently exogenous exosomes released by dendritic cells (DCs) [16] . This process is mediated via binding of the adhesion molecule CD54 on the EVs to high affinity state CD11a/CD18 on activated T cells [16] . CD4 T cells also release TCR-enriched EVs from the plasma membrane to the center of the immunological synapse [18] . Binding of these TCR-enriched EVs to pMHC-II on B cells increases cytosolic calcium concentration in B cells, which suggests that recognition followed by internalization of TCR-enriched EVs may be one of the mechanisms by which CD4 T cells provide cognate help to B cells [18] .
Trogocytosis is not the passage of exclusively those molecules that trigger the phenomenon, but of other accompanying membrane and intracellular material contained in the package transferred from the APC to the T cell, including other MHC and T cell costimulatory molecules [9, 19] . Indeed, CD8 T cells that trigger trogocytosis through recognition of pMHC-I on APCs, also acquire non-specifically pMHC-II [20] .
Acquisition of pMHCs by T cells could limit clonal T cell expansion by fratricide killing (i.e., killing by T cells specific for the transferred pMHCs) or by promoting anergy. Unlike human CD4 T cells, mouse CD4 T cells do not express MHC-II upon activation. Presentation by mouse-activated CD4 T cells of acquired pMHC-II triggers apoptosis in other activated CD4 T cells in a cognate fashion, a phenomenon that could participate in the resolution of the T cell response and induction/maintenance of T cell peripheral tolerance [11, 13, 21] . Similarly, mouse CD8 T cells become targets of cytotoxic T cells after acquiring pMHC-I from APCs and receive cognate help from CD4 T cells following acquisition of pMHC-II [8, 22] . In other in vitro models, human CD4 T cells with acquired pMHC-II, CD80, and CD86 from allogeneic DCs have been shown to function as APCs, by maintaining proliferation of activated CD4 T cells and triggering cell division of resting CD4 T cells [19] . Trogocytosis not only occurs during interaction of naïve T cells with APCs in secondary lymphoid organs (SLOs) but also during contact of effector T lymphocytes with target cells in peripheral tissues [23] .
The term Btrogocytosis^is currently applied more broadly, to intercellular transfer triggered also by non-Ag receptors [20, 24] , and to acquisition of material from living cells by leukocytes other than lymphocytes [7] . Although the biological relevance of trogocytosis is still a matter of debate, its principles have been applied to the development of analytic tools. Analysis by flow cytometry of the ability of lymphocytes to capture by trogocytosis fragments of APCs surface labeled with lipophilic dyes or biotin and bearing cognate Ags has been used as an alternative to tetramer/multimer labeling to detect Ag-specific T lymphocytes [25] . Transfer of membrane fragments between tumor cells pre-labeled with lipophilic dyes and tumor-specific CD8 T cells has been employed to characterize melanoma-specific CD8 T cell clones [26] [27] [28] [29] .
The term cell nibbling was introduced to define the uptake of plasma membrane and intracellular components by DCs from other types of living leukocytes through a mechanism(s) that is temperature-, cytoskeleton-, scavenger receptor-, and intercellular contact-dependent [5, 30] . Tumor Ag transferred via cell nibbling is internalized, processed, and crosspresented by the acceptor DCs to CD8 T cells [5] .
BMHC cross-dressing,^a term coined by Yewdell and Haeryfar, refers to the acquisition by leukocytes, in particular APCs, of foreign (i.e., not endogenously synthesized by the acceptor cell) intact MHC molecules loaded with peptides [31] . The transferred pMHCs must remain on the surface of the acceptor APC with the right topology, at sufficient concentration within localized domains of the plasma membrane, and for long enough to be presented directly without further Ag processing to cognate T cells. DC cross-dressing with pMHCs is dependent on energy, temperature, and cell-to-cell contact [6, 32, 33] . The transferred pMHCs can be provided by cells from the same individual or not (i.e., allo-or xenogeneic MHC from grafts).
MHC cross-dressing is an alternative mode of Ag presentation that, unlike direct presentation and cross-presentation, eliminates the need for Ag processing by the acceptor APC, since the latter acquires preformed pMHCs. By contrast, through direct presentation, CD8 T cells recognize on APCs endogenous MHC-I loaded with peptides derived from endogenous proteins synthesized by the APCs or from proteins of microbes that replicate in the cytosol or continuous nuclear compartment; and CD4 T cells recognize on the APCs endogenous MHC-II loaded with peptides generated by processing of internalized Ags (Fig. 1) . Alternatively, via cross-presentation, CD8 T cells recognize on the APCs endogenous MHC-I loaded with peptides resulting from processing of internalized Ags (Fig. 1) [34] . For CD8 T cell activation, Ag presentation via cross-dressing is more efficient than cross-priming for low levels of soluble Ags [33] . T cell cognate activation via direct presentation, cross-presentation, and presentation by pMHC cross-dressed APCs may differ depending on the APC subset, the type of Ag, and its concentration. It is likely that a combination of these complementary ways of Ag presentation be required for optimal T cell activation [33] .
It still unknown whether transfer of pMHCs via trogocytosis, cell nibbling, and cross-dressing represent related phenomena. Different mechanisms have been proposed for the transfer of surface MHC molecules and other cell surface and intra-cellular components between cells. They include passage of membrane patches uprooted from the plasma membrane of the donor cell, membrane bridges or nanotubes connecting transiently donor and acceptor cells, and transfer of EVs from donor to acceptor cells [35] [36] [37] [38] .
Role of EVs in MHC cross-dressing of APCs
The seminal observation by Raposo et [39] . Subsequent studies confirmed that exosomes released by DCs and B cells express surface pMHC-I, pMHC-II, CD86, and adhesion molecules, and that APC-derived exosomes, at relatively high concentrations, activate T cell clones, lines, and hybrids, and already primed T cells in vitro [16, 17, [40] [41] [42] . The amount of pMHCs, CD86, and CD54 is higher on exosomes released by activated DCs (i.e., mature exosomes) than that on exosomes secreted by immature DCs (i.e., immature exosomes) [40, 42, 43] . However, the T cell stimulatory ability of APC-derived exosomes is 10-20 lower than that of the parent APCs as compared at equivalent ratios, and the capacity of free exosomes to prime naïve T cells is rather weak, likely because naïve T cells require higher levels of TcR cross-linking and co-stimulation than that of T cell clones or effector/memory T cells [17, 39, 44, 45] . The poor stimulatory capacity of free exosomes for naïve T cells may be also caused by vesicle dispersion by Brownian motion. In fact, APC-derived free exosomes increase their T cell stimulatory ability in vitro when the EVs are immobilized at high density on latex beads, or when the density of pMHCs per EV is augmented by direct peptide loading of the vesicles [43, 44, 46] . In the absence of APCs, DC-derived exosomes are much less T cell stimulatory than membrane vesicles prepared from DC sonicates [47] .
Interestingly, the T cell stimulatory ability of APCderived exosomes, including for naïve T cells, increases substantially when the EVs are bound to DCs, a phenomenon that may explain the biological relevance of MHC cross-dressing of APCs [40, 42, 44, 45, [48] [49] [50] [51] [52] . Ligands present on the exosome surface including milk fat globule E8 (i.e., lactadherin), tetraspanins, externalized phosphatidylserine, C-type lectins, and CD54 bind directly or indirectly, through bridging molecules, to receptors on target APCs [49, 53, 54] . Once the exogenous exosomes are bound to DCs, a percentage of the EVs remains on the APC surface and the rest is internalized for Ag processing [42, 53, 55, 56] . Mature DCs retain most of the acquired exosomes on the cell surface, whereas immature DCs internalize the EVs more efficiently [42] . The internalized exosomes can transfer Ag peptides bound to their MHC-II to MHC-II molecules expressed by the acceptor DCs [42, 50] . Alternatively, the pMHCs carried on the exogenous EVs that are retained on the surface of cross-dressed DCs can be presented directly, without further processing, to cognate T cells [42, 45, 54] . In MHC cross-dressed DCs, the exogenous EVs provide the pMHCs whereas the acceptor APCs provide the required T cell costimulatory molecules [45] . Several variables control the efficiency of MHC cross-dressing of APCs through EVs, including the stage of maturation of both the APCs that release the exosomes (i.e., immature vs. mature exosomes) and the acceptor APCs, with maximal T cell stimulatory capacity when mature exosomes are transferred to mature DCs [42, 45] .
Thus, the acceptor APCs function as platforms that amplify the ability of the acquired exosomes to present their pMHCs directly to T cells.
MHC cross-dressing of APCs in immune homeostasis
T cell central tolerance is mediated in the thymus via clonal deletion of auto-reactive thymocytes, and production of FoxP3 + CD4 + natural regulatory T cells (Tregs). Medullary thymic epithelial cells (TECs) and thymic DCs are the main APCs in charge of central tolerance. Medullary TECs, unlike thymic DCs, express ectopically many peripheral tissuerestricted Ags (PTAs) driven by the transcription factor autoimmune regulator known as AIRE. Interestingly, only 1-3% of medullary TECs express a determined PTA, and medullary TECs are not as efficient as thymic DCs at deleting autoreactive thymocytes [57, 58] . This leads to the question of how such low percentages of medullary TECs bearing a given PTA are sufficient to trigger deletion of auto-reactive T cells and promote differentiation of self-reactive natural CD4 Tregs so efficiently. A possibility is that self-Ags, pre-formed selfpMHCs, or both, are spread from medullary TECs to neighboring TECs or thymic DCs, a phenomenon that would increase the pool of APCs able to present self pMHCs to the developing thymocytes. Indeed, studies in bone marrow (BM) chimeric mice demonstrated that TECs transfer pMHCs to other TECs and thymic DCs [59] . In mice, thymic CD8α + and SIRPα + DCs, but not plasmacytoid DCs, acquire avidly pMHC-I and pMHC-II from TECs [60] . Transfer of pMHCs requires cell-to-cell contact and correlates with expression by the acceptor thymic DCs of EpCAM, an adhesion molecule that mediates homophilic interactions between TECs and thymic DCs [60, 61] . To our knowledge, whether thymic DCs become cross-dressed with pMHCs through acquisition of EVs has not been formally demonstrated.
Thus, the role of medullary TECs in T cell central tolerance is to some extent mediated indirectly through thymic DCs by means of two mechanisms: (i) transfer to thymic DCs of preprocessed self pMHCs and (ii) internalization by thymic DCs of native or partially degraded self-Ags released by TECs, for their processing and presentation in MHC-II or crosspresentation in MHC-I [57, 59, 61, 62] . In addition, self-Ags from periphery reach the thymus through capture by thymic DCs of soluble Ags transported via blood, or migration to the thymus of peripheral SIRPα + conventional DCs (cDCs) and plasmacytoid DCs [63] [64] [65] [66] [67] .
Auto-reactive T cells that evade thymic selection must be maintained in check through peripheral tolerance. Under steady-state, cDCs transfer pMHC-II to lymph node stromal cells (LNSCs)-which include lymphatic and blood endothelial cells and fibroblastic reticular cells-by a cell contact-dependent mechanism in which passage of EVs is likely involved [68] . LNSCs cross-dressed with pMHC-II impair proliferation of Ag-specific CD4 T cells [68] . Since LNSCs are strategically located to interact with T cells, lack costimulatory molecules, and express co-inhibitory molecules, presentation of acquired pMHC-II by cross-dressed LNSCs to CD4 T cells may be a mechanism to maintain peripheral tolerance in SLOs [68] .
Donor MHC cross-dressing of recipient APCs in transplantation
The three-cell model
In the absence of immunosuppression, allografts are rapidly recognized as non-self by B and T lymphocytes of the recipient. Alloreactive B cells recognize polymorphic domains on the surface of donor (non-self) intact MHC molecules. Alloreactive T cells detect donor Ag through two distinct mechanisms: the direct and indirect pathways of allorecognition. Through the direct pathway, host T cells recognize donor-intact MHC molecules on the surface of donor cells (Fig. 2) . Via the indirect pathway, recipient T cells recognize donor-derived peptides originated in polymorphic regions of allogeneic MHC molecules or non-MHC proteins (i.e., minor histocompatibility Ags), presented within recipient MHC molecules by recipient APCs (Fig. 2) .
The direct pathway is characterized by the high frequency of T cells recognizing donor intact MHC molecules (1 to 10% of the T cell population), since directly alloreactive T cells are not selected in the recipient thymus against or in favor of a given allogeneic intact MHC molecule. The indirect pathway is basically the canonical mechanism by which antigenic peptides are presented to T cells via self MHC molecules by self APCs, since allogeneic or semi-allogeneic cells are only present following allograft transplantation or during pregnancy. Thus, the frequency of indirectly alloreactive T cells against a given allopeptide is extremely low and similar to that against any nominal peptide (< 1/100,000). Depending on the experimental model, either directly or indirectly, alloreactive T cells can trigger by themselves acute allograft rejection. The indirect CD4 T cells also provide the T and B cell-help required for alloantibody production and participate in chronic rejection.
Accumulated evidence in transplantation models has shown that indirect pathway CD4 T cells regulate positively or negatively the function of directly alloreactive T cells [69, 70] . In 2004, Lechler's group proposed the three-cell model to explain how indirect pathway CD4 T cells cross-regulate the function of directly alloreactive CD8 T cells on the same recipient APC that acts as a bridge between indirect pathway T cells and directly alloreactive T cells [6] . In this model, indirect pathway CD4 T cells interact and regulate the APC function of recipient APCs that present, simultaneously or sequentially, donor-intact MHC molecules-acquired from donor cells-to direct pathway T cells (Fig. 2) . The recognition by directly alloreactive T cells of donor-intact MHC molecules on the surface of recipient APCs cross-dressed with donor intact MHC molecules has been termed as the semidirect pathway of allorecognition (Fig. 2) [6] .
In recent years, the three-cell model and the existence of the semi-direct pathway in vivo have been confirmed in experimental models. Following transplantation of heart, kidney, pancreatic islet, or skin allografts in mice, donor-intact MHC molecules have been detected on recipient DCs, and to a lesser extent, on macrophages and B cells, within graft-draining SLOs [38, 71, 72] . The recipient APCs cross-dressed with donor MHC molecules also co-expressed self MHC-II molecules loaded with donor allopeptides, which can be presented to indirect pathway CD4 T cells [73] . Elegant experiments by Pettigrew's group have demonstrated that DCs isolated from spleens of mice grafted with heart allografts carry donor MHC-I and when transferred into naïve hosts of the original recipient strain, prime directly alloreactive CD8 T cells [74] . Importantly, the phenomenon was dependent on licensing of the recipient APCs by indirect pathway CD4 T cells, since direct CD8 T cell priming did not occur when the transferred recipient DCs cross-dressed with donor MHC-I were deficient in endogenous MHC-II [74] . Interestingly, differentiation in graft-draining SLOs of direct pathway CD8 T cells through the semi-direct pathway also occurred after transplantation of heart allografts devoid of passenger leukocytes, which suggests that is dependent on shedding of cell-free donor MHC molecules from the parenchymal cells of the grafts to the draining SLOs [75] . Once there, the recipient APCs process the internalized donor Ag for presentation as donor-derived allopeptides to indirect CD4 T cells and become cross-dressed with donor pMHC-I for its presentation to directly alloreactive CD8 T cells via the semidirect pathway [75] . Although still unknown, it is likely that different types of parenchymal and stromal cells (migratory or not) from the allografts are the source of the cell-free donor pMHCs transferred to the recipient APCs. In co-cultures of mouse cells, DCs, endothelial and epithelial cells are capable of transferring allogeneic MHC molecules to DCs [6, 76] . Acquisition by DCs of pMHC-I in sufficient quantities to prime CD8 T cells even occurs under conditions in which the number of pMHCs is limited on the donor cells [76] . Acceptor DCs cross-dressed with pMHC-I are three orders of magnitude less efficient than the donor DCs at eliciting naïve or memory CD8 T cell division [52] . In mice, splenic CD8α pos and CD8α neg cDCs are both capable of acquiring pMHCs via cross-dressing, and CD8α neg cDCs are superior than CD8α pos cDCs at Ag presentation to CD8 T cells through cross-dressing [52, 76] .
One of the remaining questions in the three-cell model is why recipient APCs cross-dressed with donor pMHC-I must be licensed by indirect pathway CD4 T cells, instead of directly alloreactive CD4 T cells, to prime directly alloreactive CD8 T cells via the semi-direct pathway (Fig. 2) . This is particularly intriguing considering that recipient APCs also become crossdressed with donor pMHC-II and that the frequency of directly alloreactive CD4 T cells is much higher than that of indirect pathway CD4 T cells. For reasons still not well understood, DCs cross-dressed with allogeneic pMHC-II do not seem to prime efficiently directly alloreactive CD4 T cells via the semi-direct pathway [77] .
Passage of pMHCs between leukocytes also occurs in a reverse fashion, from recipient to donor cells. After BM transplantation, donor DCs become cross-dressed with recipient MHC-I and MHC-II captured from recipient hematopoietic cells [77, 78] . Cross-dressing of donor DCs is transient after BM transplantation following myeloablative regimens, but is persistent after non-myeloablative conditioning, in which recipient hematopoietic cells remain in elevated numbers [77] . Importantly, donor DCs crossdressed in vivo with recipient pMHCs primed ex vivo CD8 T cells against the transferred host pMHCs [78] . MHC cross-dressing from recipient cells to donor APCs may be relevant at later stages after BM or stem cell transplantation, when host APCs are replaced by donor APCs that via cross-dressing continue stimulating the donorderived pathogenic CD8 T cells against the recipient pMHCs that cause graft-versus-host disease [78] .
Although MHC cross-dressing of recipient APCs, the semi-direct pathway and the three-cell model provide satisfactory explanations for several unexplained phenomena in transplant immunology, until recently, there was no clear understanding of how donor MHC molecules are transferred intact from donor to recipient cells in vivo. Recent evidence has demonstrated that recipient APC cross-dressing with donor MHC molecules after transplantation occurs through capture of donor-derived EVs. 
Donor EVs mediate donor MHC cross-dressing of recipient APCs after transplantation
The ultra-structural basis behind APC cross-dressing with donor MHC molecules after transplantation remained a mystery until recently. Analysis by immuno-electron microscopy demonstrated that after transplantation of cardiac allografts in mice, recipient cDCs acquire donor MHC molecules in graft-draining SLOs by capturing clusters of donor-derived EVs of the size of exosomes and carrying the exosomeassociated marker CD63 [38] . The donor EVs remain bound to the surface of recipient DCs or are internalized, but do not fuse with the plasma membrane of the acceptor DCs [38] . The donor EVs can be released by donor passenger leukocytes mobilized to the graft-draining SLOs, by the graft itself, or both (Fig. 2) [38, 42, 72] . Passage of allogeneic MHC molecules by EV transfer between cDCs is detectable up to a ratio of 1 donor to 32 acceptor cDCs, and is reduced by inhibitors of exosome secretion, but not by blockers of other types of EVs [38] . Different studies have shown that mature DCs transfer more pMHCs than immature DCs, and that passage of pMHCs is severely affected when donor and acceptor cells are separated by 0.4-μm-pore transwells [6, 38, 52, 74] . The latter agrees with the finding that the pMHCs are transferred via clusters of EVs that due to their hydrodynamic size (i.e., Stokes radius) and Brownian motion do not cross efficiently the filter pores. It may also indicate that contact between donor and acceptor cells is necessary for release or intercellular transfer of EVs. Indeed, clusters of donor-derived EVs are released into the gap between donor and acceptor DCs that are in close apposition [38] . Analysis by confocal microscopy has shown that donor-derived red fluorescent protein (RFP)-tagged EVs transferred to recipient cDCs in SLOs, remain on the surface of the recipient APCs for up to at least 4 h, which is a requirement for recognition of the transferred pMHCs by directly alloreactive T cells [38] . Acquisition of exosomes released by allogeneic mature DCs (i.e., mature exosomes), unlike other types of EVs, promotes maturation and T cell allostimulatory ability of recipient cDCs [38] . Accordingly, flow cytometry-sorted cDCs cross-dressed with donorderived EVs prime directly alloreactive naïve CD8 T cells and indirect pathway naïve CD4 T cells, as predicted by the three-cell model [38] . In agreement with the hypothesis that recipient APCs cross-dressed with donor pMHCs are the main initiators of direct T cell allorecognition in the graft-draining SLOs, depletion of recipient cDCs in vivo reduces drastically priming of directly alloreactive T cells and delays acute rejection of cardiac allografts in mice [38, 75] . Based on in vivo models using exosomes loaded with intact ovalbumin (OVA), the donor-intact MHC molecules carried on the surface of donor-derived EVs should be also accessible for recognition by anti-donor B cells, which subsequently provide help for indirect pathway CD4 T cells [43, 79] .
Cross-dressing of recipient APCs with donor MHC not only elicits allorecognition in vivo but also in the mixed leukocyte reaction (MLR), a classic assay considered the in vitro allograft reaction. In the MLR, a substantial component of the response is generated via presentation of pMHCs acquired from stimulatory APCs by the APCs of responder origin that are present in low percentages along with the responding T cells [80, 81] .
Donor-derived EVs spread donor Ag after transplantation
Increasing evidence indicates that release of donor-derived EVs that traffic passively to the graft-draining SLOs, instead of active migration of donor passenger leukocytes, triggers early activation of T cells by recipient APCs cross-dressed with donor-derived EVs (Fig. 2) [72] . It has been classically assumed that passenger leukocytes transplanted with the grafts migrate to the draining SLOs early after surgery, where they present by themselves donor Ag to directly alloreactive T cells [82] . However, following transplantation of heart or pancreatic islet allografts in untreated mice, relatively few donor passenger leukocytes reach the graft-draining SLOs during the first week after transplantation, a critical period when T cell allosensitization occurs [38, 72, 83] . In the heart transplant model, a relative small percentage of the passenger leukocytes reach the spleen through peripheral blood [38, 72] . By contrast, donor passenger leukocytes are undetectable by flow cytometric analysis, ImageStream technology, and RT-PCR in graft-draining SLOs up to 15 days after transplantation of fully mismatch skin allografts in mice [38, 72] . T cell allosensitization against skin (non-vascularized) allografts occurs through the dermal lymphatic vessels, which are sectioned during surgery and do not fully reconnect until 5 to 7 days after transplantation [84] . Thus, although donor passenger leukocytes are unable to migrate from the skin graft to the draining lymph nodes during that period, T cell allosensitization against skin allografts is maximal between 4 and 6 days after surgery [85] . A possible solution to that problem is that donor-derived EVs, instead of leukocytes, released by the allografts into the gap between the transplanted skin and the recipient dermis, enter into the open endings of the severed lymphatic vessels of the recipient dermis and traffic passively via lymph to the draining lymph nodes [72] . Unlike blood vessels, lymphatics ends remain open for several days after being sectioned [86] . The donor-derived EVs can be released by graft parenchymal cells, endothelium, or donor passenger leukocytes trapped on their way out of the graft. The exosome surface bears glycoproteins decorated with linked sialic acid that bind to sialoadhesin (i.e., CD169) expressed on specialized macrophages in the subcapsular sinus of lymph nodes and in the marginal zone of the mouse spleen [87] . Once inside the graft-draining SLOs, the donor EVs can be internalized and processed for presentation as allopeptides via the indirect pathway, or cross-dress the surface of recipient APCs for presentation of donor intact MHC molecules through the semi-direct pathway. Dissemination of donor pMHCs within graft-draining SLOs through donor EVs seems to be more efficient than via donor passenger leukocytes (Fig. 2) . Indeed, after transplantation of heart allografts in mice, the quantity of recipient APCs cross-dressed with donor EVs was 100-fold higher than the number of passenger leukocytes detected at the same time in the graft-draining SLOs [38] .
In mice, cross-dressing of recipient cDCs in graft-draining SLOs with donor MHC-I released by graft cells occurs throughout the life span of skin transplants, a phenomenon that is enhanced by graft inflammation [88] . Since donor passenger DCs are rapidly eliminated after transplantation, this latter mechanism could maintain for long-term the response of directly alloreactive CD8 T cells against allografts.
Donor MHC cross-dressing of recipient APCs also takes place within grafts. Following cardiac transplantation in mice, the donor passenger DCs transplanted with the grafts are rapidly replaced by recipient DCs stemmed from non-classical monocytes from the blood [89] . The graft-infiltrating DCs cross-dressed with donor pMHC-I trigger proliferation of directly alloreactive CD8 T cells ex vivo [89] . Thus, graftinfiltrating DCs cross-dressed with donor pMHC-I amplify the response of directly alloreactive CD8 T cells inside the allografts. Donor MHC cross-dressing of graft-infiltrating DCs has also been described during allograft tolerance, a phenomenon that occurs spontaneously after transplantation of liver allografts in mice. Ono et al. have shown that recipient DCs that infiltrate hepatic allografts and become cross-dressed with donor MHC molecules express higher levels of program death-ligand 1 (PDL-1) and interleukin (IL)-10 than noncross-dressed recipient DCs [90] . The cross-dressed DCs exhibited impaired T cell allostimulatory capacity compared to the non-cross-dressed DCs, and suppressed host T cell proliferation against donor allo-Ags [90] .
Dissemination of allo-Ags via MHC cross-dressing through EVs also occurs during maternal micro-chimerism in which non-(genetically) inherited maternal Ags (NIMAs) are transferred from maternal chimeric cells to the offspring DCs [91] . Burlingham's group has demonstrated in mice that offspring DCs cross-dressed with EVs carrying maternal MHC molecules and CD86 activate directly alloreactive CD4 T cells against NIMAs [91] . As a consequence of the maternal EV passage, the acceptor DCs upregulated expression of PD-L1 uniformly on the cell membrane and induced PD-L1-dependent abortive proliferation of indirect pathway CD4 T cells against NIMA-derived allopeptides presented by host (offspring) MHC molecules [91] . These findings explain the association between maternal micro-chimerism and split tolerance, a phenomenon in which directly alloreactive CD4 T cells against NIMAs can be stimulated, while CD4 T cells responding to NIMA-derived allopeptides in a self MHC-restricted fashion are silenced.
MHC cross-dressing of APCs in infectious diseases
Intercellular passage of preformed pMHCs through EVs, directly from non-migratory cells of peripheral tissues or from few migrating DCs, to a relatively high number of APCs resident in draining SLOs could also amplify T cell activation following infections, allergies, or vaccinations. CD8 T cell priming against microbial Ags occurs when the T cells recognize pathogen pMHCs on the surface of infected APCs. However, for those pathogens that do not infect or replicate poorly in APCs, CD8 T cells can still be primed by non-infected APCs that have acquired exogenous Ags from infected cells, via internalization of cell fragments derived from live or dying infected cells. The endocytosed pathogen Ags are then processed by the acceptor APCs for cross-presentation within endogenous MHC-I to CD8 T cells (Fig. 1) .
Besides direct presentation and cross-presentation, CD8 T cells can also recognize pathogen pMHC-I transferred via cross-dressing to APCs. In this scenario, peripheral tissueresident DCs acquire pre-formed pathogen pMHC-I from infected parenchymal cells, before trafficking to SLOs (Fig. 3) . Consistent with this idea, DCs acquire pMHC-I from epithelial cells in vitro [76] . Alternatively, migrating DCs mobilized from infected tissues can transfer pre-formed pathogen pMHC-I to APCs resident in SLOs (Fig. 3) [92] . This phenomenon could be relevant for those APCs poorly equipped for cross-priming, such as mouse CD8α neg cDCs in SLOs, which have been shown to prime CD8 T cells effectively following acquisition of pMHC-I [76, 93] . Thus, passage of pathogen pMHC-I to APCs might overcome poor direct presentation and cross-presentation to CD8 T cells during microbial infections, an idea that is supported by increasing experimental evidence [92, 93] . In this regard, mouse splenic cDCs that acquired pre-formed pMHC-I from adoptively transferred DCs previously infected with recombinant adenovirus, elicit CD8 T cell immunity against virus-encoded Ags [93] . Human monocyte-derived DCs cross-dressed with influenza pMHC-I stimulate Ag-specific CD8 T cells to release IFN-γ in vitro [92] . In vivo in mice, cross-dressed cDCs drive activation of memory CD8 T cells against the model Ag OVA encoded in recombinant vesicular stomatitis virus, without increasing the numbers of naïve CD8 T cells against OVA [52] . In that model, the distinct responses of naïve versus memory CD8 T cells may be explained by their different requirements in epitope density on the cross-dressed APCs, which likely bear the transferred pMHCs at a density lower than the required to trigger activation of naïve CD8 T cells. Indeed, it has been shown in other mouse models that cDCs cross-dressed with pMHC-I stimulate both naïve and memory CD8 T cells [94] .
The way the EVs bearing pMHCs are acquired by the acceptor APCs may be relevant for the efficiency of MHC cross-dressing. In vitro, EVs added exogenously to the culture medium bind as individual vesicles throughout the surface of the APCs whereas in vivo, EVs are transferred in clusters to localized spots on the acceptor APC within the area of contact between donor and acceptor cells [38, 95] . In support of this idea, mouse DCs supplemented in vitro with free exosomes carrying lymphocyte choriomeningitis virus (LCMV) pMHC-I were unable to stimulate, via cross-priming or MHC-I cross-dressing, naïve or memory CD8 T cells against LCMV [96] .
Unlike what has been classically assumed, DCs mobilized from skin infected with herpes simplex virus 1 (HSV) do not stimulate by themselves HSV-specific cytotoxic T cells in lymph nodes [97, 98] . Rather, priming of HSV-specific cytotoxic T cells requires of lymph node-resident CD8α pos DCs [97, 98] . In this model, passage between the skin-migrating DCs and lymph node CD8α pos DCs, of EVs carrying native HSVAg (to be processed for cross-priming) or preformed HSV pMHC-I (to be used for cross-dressing) have been suggested as potential mechanisms [54, 98] .
Group 2 innate lymphoid cells (ILC2s) support type-2 biased responses and release IL-13 that promote protective immunity against helminth infections, or detrimental effects in asthma and allergies. ILC2s bear endogenous MHC-II, but also acquire exogenous MHC-II via cross-dressing [99] . ILC2s also express co-stimulatory molecules, which allows ILC2s to present pMHC-II to naïve CD4 T cells [99] . pMHC-I Fig. 3 Pathways of MHC-I crossdressing of APCs during viral infections. For viruses that do not infect or infect poorly APCs, virus-derived pMHC-I can be transferred from peripheral tissue parenchymal or stromal cells to tissue-resident cDCs before cDC migration to SLOs, where the pMHC-I cross-dressed migrating cDCs prime anti-viral cytotoxic CD8 T cells. Alternatively, tissueresident cDCs that become infected with virus in periphery mobilize to SLOs and transfer virus-derived pMHC-I to SLOresident cDCs, which initiate the anti-viral CD8 T cell response. Alternatively, virus-derived pMHC-I could be transferred via a cell-free mechanism, likely mediated through EVs, to SLOresident APCs derived IL-2, a cytokine that induces proliferation and IL-13 secretion by ILC2s [99] .
MHC cross-dressing of APCs in cancer
EVs, in particular exosomes, have been used as carriers of native or partially degraded tumor Ag, or tumor-derived peptides for delivery to APCs for cross-priming of anti-tumor CD8 T cells [48, [100] [101] [102] [103] . There is increasing evidence that tumor cells may also employ EVs to transfer MHC molecules loaded with tumor-derived peptides to APCs (Fig. 4) . In mice, BM-derived DCs cross-dressed with pMHC-I acquired from cancer cells, primed Ag-specific cytotoxic T cells in vivo [7] . Compared to DCs of myeloid lineage, plasmacytoid DCs are much less proficient at engulfing soluble Ags and at processing them for cross-presentation to CD8 T cells. However, plasmacytoid DCs efficiently acquire pMHC-I from tumor cells through a cell-to-cell-dependent mechanism that requires CD54-CD11a/CD18 interaction [104] . The transferred pMHC-I remain on the surface of plasmacytoid DCs up to 48 h, and plasmacytoid DCs cross-dressed with tumor pMHC-I stimulate CD8 T cell clones in vitro [104] . Interestingly, tumor-associated Ags have been detected on the surface of plasmacytoid DCs isolated from human colorectal carcinomas [104] . Thus, cross-dressing of plasmacytoid DCs with tumor pMHC-I may allow plasmacytoid DCs to present tumor Ags to CD8 T cells despite their limited endocytic and cross-presentation capabilities.
Passage of preformed pMHCs from tumor cells to APCs also occurs after vaccination with tumor cells (Fig. 4) . Following s.c. inoculation of mice with tumor cell-based vaccines genetically engineered to express host MHC-II, most of the tumor-specific CD4 T cell response was elicited by host cDCs cross-dressed with pMHC-II acquired from the injected cells [33] . In this setting, the tumor pMHC-II that are presented are generated by the vaccine cells. Unlike the cells of MHC-II pos tumor vaccines, the host cDCs express invariant chain (Ii) that skews the selection of peptides presented to those derived mainly from internalized Ags, and HLA-DM molecules that edits the repertoire of peptides as they bind to MHC-II. Thus, host DCs cross-dressed with tumor pMHC-II In vitro generated DCs loaded with tumor Ag or tumorderived peptides are used as cellular vaccines against cancer. Surprisingly, following s.c. administration, only a small percentage of the injected DCs (< 1%) home in draining SLOs [105, 106] . In mice, passage of preformed pMHC complexes from s.c. injected DCs to lymph node-resident DCs has been proposed as a mechanism of amplification of the CD4 T cell response (Fig. 4) [107, 108] . This phenomenon is of importance regarding the applicability of DC-based vaccines in cancer patients, where the immunostimulatory function of endogenous DCs can be affected by the tumor microenvironment or chemotherapy. Studies in mice have shown that crossdressing of CD8α pos CD103 pos DCs with pMHC-I plays a key role in CD8 T cell priming following DNA and cellular vaccination [94] .
Concluding remarks
During the past three decades, advances in the fields of EVs, mechanisms of Ag presentation, mouse models, and biological imagining allowed scientists to partially unveil the basis of MHC cross-dressing via EVs, and its importance in immune-homeostasis, and the immune response against tumors, pathogens, or allografts. From being considered originally a laboratory curiosity, MHC cross-dressing of APCs via EVs has been shown to be a mechanism of Ag spreading, alternative mechanism of presentation of pre-formed pMHCs to T cells, and cross-regulation of T cells with different MHC-restricted specificities, among other functions. Poor consistency between laboratories in the methods of purification and identification of different types of EVs, difficulties in detection at subcellular level the endogenous EVs by intra-vital microscopy or ultra-structural analysis, and lack of appropriate gain-of-function or loss-offunction mouse models, are some of the main problems that need to be overcome to fully address the relevance of EVmediated MHC cross-dressing of APCs in the steady-state and disease, and its potential therapeutic applications. 
